Our previous work has demonstrated an intrinsic mRNAspecific protein synthesis salvage pathway operative in glioblastoma (GBM) tumor cells that is resistant to mechanistic target of rapamycin (mTOR) inhibitors. The activation of this internal ribosome entry site (IRES)-dependent mRNA translation initiation pathway results in continued translation of critical transcripts involved in cell cycle progression in the face of global eIF-4E-mediated translation inhibition. Recently we identified compound 11 (C11), a small molecule capable of inhibiting c-MYC IRES translation as a consequence of blocking the interaction of a requisite c-MYC IRES trans-acting factor, heterogeneous nuclear ribonucleoprotein A1, with its IRES. Here we demonstrate that C11 also blocks cyclin D1 IRES-dependent initiation and demonstrates synergistic anti-GBM properties when combined with the mechanistic target of rapamycin kinase inhibitor PP242. The structure-activity relationship of C11 was investigated and resulted in the identification of IRES-J007, which displayed improved IRES-dependent initiation blockade and synergistic anti-GBM effects with PP242. Mechanistic studies with C11 and IRES-J007 revealed binding of the inhibitors within the UP1 fragment of heterogeneous nuclear ribonucleoprotein A1, and docking analysis suggested a small pocket within close proximity to RRM2 as the potential binding site. We further demonstrate that co-therapy with IRES-J007 and PP242 significantly reduces tumor growth of GBM xenografts in mice and that combined inhibitor treatments markedly reduce the mRNA translational state of cyclin D1 and c-MYC transcripts in these tumors. These data support the combined use of IRES-J007 and PP242 to achieve synergistic antitumor responses in GBM.
Our previous work has demonstrated an intrinsic mRNAspecific protein synthesis salvage pathway operative in glioblastoma (GBM) tumor cells that is resistant to mechanistic target of rapamycin (mTOR) inhibitors. The activation of this internal ribosome entry site (IRES)-dependent mRNA translation initiation pathway results in continued translation of critical transcripts involved in cell cycle progression in the face of global eIF-4E-mediated translation inhibition. Recently we identified compound 11 (C11), a small molecule capable of inhibiting c-MYC IRES translation as a consequence of blocking the interaction of a requisite c-MYC IRES trans-acting factor, heterogeneous nuclear ribonucleoprotein A1, with its IRES.
Here we demonstrate that C11 also blocks cyclin D1 IRES-dependent initiation and demonstrates synergistic anti-GBM properties when combined with the mechanistic target of rapamycin kinase inhibitor PP242. The structure-activity relationship of C11 was investigated and resulted in the identification of IRES-J007, which displayed improved IRES-dependent initiation blockade and synergistic anti-GBM effects with PP242. Mechanistic studies with C11 and IRES-J007 revealed binding of the inhibitors within the UP1 fragment of heterogeneous nuclear ribonucleoprotein A1, and docking analysis suggested a small pocket within close proximity to RRM2 as the potential binding site. We further demonstrate that co-therapy with IRES-J007 and PP242 significantly reduces tumor growth of GBM xenografts in mice and that combined inhibitor treatments markedly reduce the mRNA translational state of cyclin D1 and c-MYC transcripts in these tumors. These data support the combined use of IRES-J007 and PP242 to achieve synergistic antitumor responses in GBM.
Glioblastoma (GBM)
3 is one of the most common primary malignant brain tumors, and median survival is only approximately 12 months (1) . The lethality of this tumor is, in part, due to the difficulties associated with complete surgical resections and the development of drug resistance (2) . As a consequence of EGFR amplification or activating mutation and phosphatase and tensin homolog (PTEN) loss (3, 4) , hyperactivation of the PI3K pathway is seen in nearly 90% of all GBMs (5, 6) . As a result, the mechanistic target of rapamycin (mTOR) kinases, a downstream effector, are often constantly hyperactivated (7) . mTOR is a central regulator of mRNA translation, metabolism, and autophagy in the cell and, consequently, controls tumor cell growth, survival, and drug resistance (8, 9) .
First-generation allosteric mTOR inhibitors, such as rapamycin and CCI-779, have been unsuccessful as monotherapies in the clinic for GBM because of loss of feedback regulation leading to AKT activation (10, 11) . Additionally, mTORC2 has been shown to play a crucial role in GBM growth, invasion, and rapamycin resistance (12, 13) . These studies have underscored the potential role of mTOR kinase inhibitors as a promising therapeutic option in the treatment of GBM.
The interdependence between mTOR signaling complexes suggests the possibility that multiple mechanisms of mTOR inhibitor resistance exist (14 -16) . Our previous studies have demonstrated that both allosteric and direct kinase inhibitors of mTOR can activate a transcript-specific protein synthesis salvage pathway, maintaining the translation of crucial mRNAs involved in cell cycle progression, resulting in resistance to mTOR therapies (17) (18) (19) . The activation of this intrinsic pathway is dependent on SAPK2/p38-mediated activation of IRESdependent initiation of cyclin D1 and c-MYC mRNAs in GBM (20) . Recently, we have described the therapeutic potential of targeting IRES-dependent c-MYC translation via the identification of a small molecule inhibitor that blocked c-MYC IRESmediated translation initiation (21) .
In this study, we expand on this work, demonstrating that the previously identified IRES inhibitor additionally blocks cyclin D1 IRES activity. We show that the IRES inhibitor displays strong synergistic anti-GBM activities when combined with mTOR kinase inhibitors. Structure-activity relationship studies led to the identification of an improved IRES inhibitor (IRES-J007), and further mechanistic investigation characterized the target of the inhibitors as the ITAF (IRES-trans-acting factor), hnRNP A1. In silico docking analysis predicted that IRES-J007 binds to a small pocket structure within the RRM-containing fragment of hnRNP A1, UP1. The pocket is within close proximity to RRM2, and inhibitor binding to hnRNP A1 blocked the ability of the ITAFs to associate with either the cyclin D1 or c-MYC IRESs. Furthermore, we observed a synergistic antiproliferative effect of these compounds when used in combination with PP242 in vitro and in xenografted GBM cells in mice. Finally, we show that the mRNA translational state of the cyclin D1 and c-MYC mRNAs is markedly reduced in vivo following co-therapy with PP242.
Experimental Procedures
Cell Lines, Constructs, and Transfections-The glioblastoma lines LN229 and LN18 were obtained from the ATCC (Manassas, VA). Paul Mischel (Ludwig Institute, University of California, San Diego) kindly provided the LN428 line, and the SF763 line was from the UCSF Neurosurgery Tissue Bank (University of California, San Francisco). 293T cells were kindly provided by Norimoto Yanagawa (UCLA). Normal mature human neurons were obtained from ScienCell (Carlsbad, CA). The dicistronic constructs pRF, pRCD1F, pRmycF, and pRp27F have been described previously (19) . The pREMCVF construct was provided by Eric Jan (Department of Biochemistry, University of British Columbia). The pGEX-2T/hnRNP A1 (full-length hnRNP A1) and pGEX-2T/UP1 GST fusions were provided by Ronald Hay (Centre for Gene Regulation and Expression, University of Dundee) and used to generate additional deletion mutants. To generate the hnRNP A1 alanine substitution mutants, the full-length hnRNP A1-containing plasmid was mutagenized using the QuikChange Lightning site-directed mutagenesis kit (Agilent Technologies) using appropriate mutagenic primers according to the manufacturer. All plasmids were sequenced to verify the constructs. DNA transfections were performed using Effectene transfection reagent according to the manufacturer (Qiagen).
Recombinant Proteins, Antibodies, Reagents, and C11 Structure-Activity Relationship (SAR) Analog Preparation-Recombinant native and mutant hnRNP A1 was expressed and purified from HEK293 cells using anti-glutathione-Sepharose column chromatography as described previously (19) . Antibodies were as follows: mouse IgG (Santa Cruz Biotechnology, catalog no. sc-2025, lot no. I2806), hnRNP A1 (Abcam, catalog no. ab5832, lot no. GR2405064-1, mouse origin), cyclin D1 (Cell Signaling Technology, catalog no. 2922, lot no. 3, rabbit origin), c-MYC (Cell Signaling Technology, catalog no. 9402, lot no. 11, rabbit origin), actin (Abcam, catalog no. ab3280, lot no. GR235922-1, mouse origin), eIF-4E (BD Transduction Laboratories, catalog no. 610269, lot no. 87), and anti-GST (Cell Signaling Technology, catalog no. 2622, lot no. 5, rabbit origin).
PP242 and rapamycin were obtained from LC Laboratories (Woburn, MA). C11 (NSC-603707) was obtained from the Developmental Therapeutics Program repository at the NCI, National Institutes of Health. The synthetic procedures for the SAR analogs are described in detail in the supplemental Experimental Procedures.
Protein and RNA Analyses-Western blotting and quantitative RT-PCR analyses were performed as described previously (20) . Briefly, for Western blotting, cells or tissues were lysed in radioimmune precipitation assay (lysis) buffer containing protease inhibitor mixture and phosSTOP phosphatase inhibitor mixture (Roche), and extracts were resolved by SDS-PAGE. Proteins were transferred to PVDF membranes and incubated with the indicated antibodies. Antigen-antibody complexes were detected using appropriate horseradish peroxidase-conjugated secondary antibodies (anti-mouse IgG-HRP, GE Healthcare, catalog no. NA931V, lot no. 9640720, sheep origin; anti-rabbit IgG-HRP, GE Healthcare, catalog no. NA934V, lot no. 9670531, donkey origin) and enhanced chemiluminescence (Amersham Biosciences, ECL Prime). Primary antibody concentrations were used as follows: hnRNP A1, 1:1000; cyclin D1, 1:500; c-MYC, 1:500; actin, 1:5000; and anti-GST, 1:1000. Secondary antibody concentrations were adjusted for each primary antibody used for signal intensity within the linear range. Band intensities were quantified by densitometry analyses via ImageJ software. Drug treatments did not affect actin protein levels, which was used as gel loading controls. For IRES reporter assays, the indicated mRNA reporters were co-transfected into cells with pSV␤-galactosidase to normalize for transfection efficiency as described previously (17) . Cells were harvested 18 h following transfection, and Renilla, firefly, and ␤-galactosidase activities were determined using the Dual-Glo luciferase and ␤-galactosidase assay systems (Promega). For immunopurification of eIF4E and bound RNA (22) , cells were lysed in buffer containing 50 mM Tris-HCl (pH 7.4), 300 mM NaCl, 0.5% Nonidet P-40, 10 mM NaF, 1 mM sodium orthovanadate, 1 mM PMSF, 1.5% aprotinin, and SUPERase-IN (Thermo Fisher Scientific, 0.025 units/ml) using a Dounce homogenizer at 4°C. Extracts were cleared by centrifugation and immunoprecipitated with eIF4E or control IgG. Beads were washed, and obtained RNA was subjected to quantitative RT-PCR. For quantitative RT-PCR, extraction of RNA was performed using TRIzol (Thermo Fisher). Total RNA was then quantified, and integrity was assessed using an Agilent Technology 2100 Bioanalyzer. Total RNA was reverse-transcribed with random primers using the RETROscript kit from Thermo Fisher. SYBR Green quantitative PCR was performed in triplicate in 96-well optical plates on an ABI Prism 7000 sequence detection system (Life Technologies) according to the instructions of the manufacturer. The primer sequences for CCND1, c-MYC, and actin are available upon request. For RNA pulldown assays (19) , cytoplasmic extracts were prepared by hypotonic lysis in buffer containing 10 mM HEPES (pH 7.5), 10 mM potassium acetate, 1.5 mM magnesium acetate, 2.5 mM DTT, 0.05% Nonidet P-40, 10 mM NaF, 1 mM sodium orthovanadate, 1 mM PMSF, and 1.5% aprotinin using a Dounce homogenizer. Extracts were precleared by centrifugation, and SUPERase-IN (Thermo Fisher, 0.025 units/ml) and yeast tRNA (15 g/ml) were added and applied to an equilibrated heparin-agarose column (Bio-Rad). Eluates were further cleared with 100 l of streptavidin-Sepharose (Sigma) for 1 h at 4°C. Following centrifugation, 10 g of in vitro transcribed biotinylated IRES RNA (mMESSAGE Machine T7 transcription kit, Thermo Fisher) was added to the supernatant and incubated for 1 h at 4°C. The protein and biotinylated RNA complexes were recovered by adding 30 l of streptavidin-Sepharose, which was incubated for 2 h at 4°C. The complexes were washed five times in binding buffer (10 mM HEPES (pH 7.5), 90 mM potassium phosphate, 1.5 mM magnesium acetate, 2.5 mM DTT, 0.05% Nonidet P-40, 10 mM NaF, 1 mM sodium orthovanadate, 1 mM PMSF, and 1.5% aprotinin) and then boiled in SDS and resolved by gel electrophoresis. Max exon 5 alternative splicing analysis was performed as described previously (23) . Briefly, alternative splicing was assayed using quantitative RT-PCR using primers designed to constitutive exons flanking alternative exons. The primers were as follows: Max (85F), 5Ј-tcagtcccatcactccaagg-3Ј; MAX(85R), 5Ј-gcacttgacctcgccttct-3Ј; hnRNPA1, 5Ј-acaacttcggtcgtggaggaaact-3Ј (forward) and 5Ј-ccaaaattgcttccatcattaccaa-3Ј (reverse); Actin, 5Ј-catgtacgttgctatccaggc-3Ј (forward) and 5-ctccttaatgtcacgcacgat-3Ј (reverse). Reverse primers were 32 P end-labeled, and PCR reactions were amplified for 22 cycles and subsequently resolved by denaturing PAGE and imaged. RNA interference targeting hnRNP A1 was performed as described previously (18, 23) using siRNAs with the target sequence 5Ј-gguucuauuuggaauuuau-3Ј obtained from Ambion (Applied Biosystems). Polysome analyses were performed as before (20) . Briefly, cells were lysed in buffer containing 100 g/ml cycloheximide at 4°C. Following removal of mitochondria and nuclei, supernatants were layered onto 15-50% sucrose gradients and centrifuged at 38,000 rpm for 2 h at 4°C in an SW40 rotor (Beckman Instruments). Gradients were fractionated into 11 1-ml fractions using a density gradient fractionator (Brandel Instruments). The profiles of the gradients were monitored at 260 nm, and RNAs from individual fractions were pooled into a nonribosomal/monosomal pool and a polysomal pool. These RNAs (100 ng) were used in realtime quantitative RT-PCR analysis for the indicated transcripts. Filter binding assays were performed as described previously (19, 24) . GST-tagged hnRNP A1 or hnRNP A1 deletion mutants were added to in vitro transcribed 32 P-labeled RNAs corresponding to either the cyclin D1 or c-MYC IRESs in separate reactions in a volume of 10 l in buffer containing 5 mM HEPES (pH 7.6), 30 mM KCl, 2 mM MgCl 2 , 200 mM DTT, 4% glycerol, and 10 ng of yeast tRNA for 10 min at room temperature. 8 l of each binding reaction was applied to nitrocellulose membranes on a slot blot apparatus (Minifold II, Schleicher & Schüll). Membranes were washed and dried, and signals were quantified via phosphorimaging.
Docking Analysis of IRES Inhibitors and UP1-
The in silico analysis of C11, IRES-J007, and UP1 was performed using AutoDock Vina (25) . The steric structure of monomeric UP1 was derived from the crystal structure deposited in the PDB (1HA1). The UP1 structure was preprocessed, and hydrogen atoms were added prior to the docking simulation. Models were visualized using PyMOL v1.5.6 (Schrödinger, LLC).
Photo-cross-linking Assays-Photo-cross-linked C11 and IRES-J007 beads were prepared as described previously (26) . Briefly, activated Sepharose beads were washed three times with 1 mM aqueous HCl followed by coupling solution (100 mM NaHCO 3 and 50% dioxane mixture). A solution of photoaffinity linker in coupling solution was subsequently added to the beads and incubated at 37°C for 2 h. After washing five times with coupling solution, the beads were blocked, placed in a spin column, and washed three times with water and methanol. The beads were subsequently irradiated in a UV cross-linker at 365 nm (4 J/cm 2 ) and washed with methanol. Purified GST-tagged native or mutant hnRNP A1 proteins were added to 20 l of C11 or J007 cross-linked or control non-cross-linked beads. After incubating at 4°C for 24 h, the beads were washed three times, and bound proteins were eluted in 10% SDS-PAGE sample buffer at 100°C for 5 min. The eluted proteins were resolved by SDS-PAGE and immunoblotted using GST antibodies.
Cell Proliferation, Cell Cycle Distribution, and TUNEL Assays-Cells were plated into 96-well plates, and after culturing for various time points, cell numbers were measured by 2,3-bis[2-methoxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5-carboxanilide inner salt (XTT) assay (Roche) as described by the manufacturer. The viability of human neurons was assessed by trypan blue exclusion. Cell cycle analysis was done by propidium iodide staining of cells and flow cytometry as described previously (20) . Cells were stained using a FITC-conjugated annexin V (annexin V-FITC early apoptosis detection kit, Cell Signaling Technology) to monitor apoptosis. TUNEL staining of tumor sections was performed using the TACSXL DAB in situ apoptosis detection kit (Trevigen) according to the instructions of the manufacturer (20) . The combination index (CI) values were determined by using CalcuSyn v2.0 software (Biosoft) (20) .
Xenograft Studies-All animal experiments were performed under an approved institutional animal care and use committee protocol and conformed to the guidelines established by the Association for the Assessment and Accreditation of Laboratory Animal Care. Xenografts of LN229 cells were performed in female C.B.-17-scid (Taconic) mice as described previously (15) . Tumors were harvested at autopsy for Western blotting analysis. Sections of paraffin-embedded tumors on slides were processed for immunohistochemistry as described previously (15, 20) .
Statistical Analysis-Statistical analyses were performed with Student's t test and analysis of variance models using Systat 13 (Systat Software, Chicago, IL). p Ͻ 0.05 was considered significant.
Results

C11 Inhibits Cyclin D1 and c-Myc IRES Activity in GBM via
Blockade of hnRNPA1-IRES Interactions-We previously identified C11 (Fig. 1A) , which specifically blocked c-Myc IRESmediated translation initiation by screening ϳ145,000 compounds in a yeast-based, three-hybrid assay targeting disruption of the ITAF hnRNP A1-IRES interaction (21) . Because the cyclin D1 IRES utilizes hnRNP A1 as an ITAF, and its ability to initiate IRES-mediated translation is regulated in a similar manner as the c-MYC IRES, we determined whether FIGURE 1. C11 inhibits both cyclin D1 and c-MYC IRES activity in glioblastoma cells. A, chemical structure of C11. B, schematics of the dicistronic constructs used in this study. The constructs used were pRF; pRCD1F, which contains the human cyclin D1 IRES; pRmycF, containing the human c-myc IRES; pRp27F, containing the human p27 Kip1 IRES; and pREMCVF, containing the IRES from the encephalomyocarditis virus. Luc, luciferase. C, relative Renilla and firefly luciferase activities obtained from LN229 GBM cells transfected with the indicated constructs in the absence or presence of the inhibitor C11. The mean Ϯ S.D. are shown for three independent experiments. p Ͻ 0.01, significantly different from firefly and firefly ϩ C11. D, RNA pulldown assays utilizing biotinylated cyclin D1 or c-MYC IRES RNAs. Cytoplasmic extracts of LN229 cells treated with C11 (50 nM) as indicated were incubated with biotinylated cyclin D1 or c-MYC IRES RNAs and precipitated with streptavidin-Sepharose beads. Input and bound fractions were analyzed by immunoblotting using hnRNP A1 antibodies. Data shown are representative of experiments repeated twice. con, control. E, polysome distributions of cyclin D1, c-MYC, and actin mRNAs in LN229 cells in the absence or presence of C11 (50 nM). Extracts were subjected to sucrose density centrifugation and then divided into 11 1-ml fractions that were pooled into a nonribosomal, monosomal (N, white columns), and polysomal fraction (P, black columns). C11 would also inhibit its IRES activity. We utilized several dicistronic IRES mRNA reporter constructs (Fig. 1B) in which the indicated IRES sequences were inserted within the intercistronic region. LN229 cells transiently transfected with these constructs were assayed for Renilla and firefly luciferase activities, which are readouts of cap-dependent and IRES-mediated translation initiation, respectively (17) . As shown in Fig. 1C , C11 significantly inhibited both cyclin D1 and c-MYC IRES activity, consistent with the requirement of these IRESs for hnRNP A1 function (19) . C11, however, did not affect IRESmediated initiation from either the p27
Kip1 or encephalomyocarditis virus IRESs that do not utilize hnRNP A1 as an ITAF. To examine whether C11 would affect hnRNP A1 binding to the cyclin D1 or c-MYC IRESs, RNA pulldown assays were performed, utilizing cell extracts from cells treated with C11. As shown in Fig. 1D , hnRNP A1 was preferentially precipitated by either of the IRES RNAs; however, C11 treatment markedly reduced hnRNP A1 binding. We additionally examined the effects of C11 on the translational state of the cyclin D1 and c-MYC mRNAs. Polysome analysis was performed, and, as shown in Fig. 1E , C11 treatment induced a significant shift in both cyclin D1 and c-MYC mRNA to monosomal/nonribosomal fractions, whereas actin mRNA distribution was unaffected. This is consistent with previous observations that actin mRNA is translated via cap-dependent initiation (27) . We also noted that C11 did not appear to alter cyclin D1 or c-MYC steady-state mRNA levels because total monosomal/nonribosomal plus polysomal mRNA content was unchanged compared with controls, suggesting that the inhibitor does not affect transcription or mRNA stability. As hnRNP A1 is also a splicing factor, we determined whether C11 affected Max splicing in GBM. EGFRvIII signaling promotes Max splicing via hnRNP A1 to generate Delta Max, a truncated version of the MAX protein, which includes exon 5 in GBM (23) , and, as shown in Fig. 1F , top panel, C11 treatment did not appear to alter Max splicing in U87 cells stably expressing EGFRvIII. As a control, knockdown of hnRNP A1 expression via RNA interference in these cells markedly reduced exon 5-containing Delta Max transcript levels. To further confirm that C11 does not affect eIF-4E-mediated initiation, we immunoprecipitated eIF-4E from cells treated with C11 and assessed the relative amounts of both cyclin D1 and c-MYC mRNAs within these complexes by quantitative RT-PCR. As shown in Fig. 1F , center panel, C11 exposure did not affect either cyclin D1 or c-MYC association with eIF-4E. Finally, cyclin D1 and c-MYC protein levels following C11 exposure in LN229 and SF763 cells were markedly reduced (Fig. 1F, bottom panel) . These data demonstrate that C11 inhibits both cyclin D1 and c-MYC IRES-mediated mRNA translation, leading to reductions in protein levels.
C11 Inhibits mTOR Inhibitor-induced IRES Activity and Potentiates PP242 anti-GBM Responses-Because we and others (20, 28) have demonstrated that mTOR inhibitors induce the up-regulation of IRES activity as an intrinsic mechanism of resistance to this class of inhibitors, we were interested whether C11 would enhance PP242 cytotoxicity. As shown in Fig. 2A , treatment with rapamycin (left panel) or PP242 (right panel) led to dramatic induction of cyclin D1 and c-MYC IRES activity, which was significantly inhibited upon cotreatment with C11.
No significant inhibition of cell proliferation was observed from C11 treatment at any of the concentrations tested, up to 10 M in several GBM lines (Fig. 2B) . This was similar to our previous findings with multiple myeloma cell lines (21) . However, as shown in Fig. 2C , in the LN229, LN18, LN428, and SF763 GBM lines, treatment with C11 at 10 and 100 nM concentrations resulted in synergistic inhibition of cell proliferation over a wide range of PP242 concentrations tested (CI ϭ 0.5 at an ED 50 ratio of 1:100 (29, 30) ). We also determined whether the combination of C11 with PP242 induced G 1 arrest and apoptosis in the four GBM cells lines. As shown in Fig. 2D , PP242 treatment increased G 1 arrest, and co-treatment with C11 markedly stimulated G 1 arrest. Similarly, PP242 alone induced the percentage of apoptotic cells, and, when combined with C11, further potentiated the percentage of cells undergoing apoptosis. Cyclin D1 and c-MYC protein levels were also markedly reduced in GBM lines co-treated with PP242 and C11 (Fig. 2E ). These results demonstrate that C11 significantly enhances PP242-induced G 1 arrest and apoptosis in GBM lines.
Structure-Activity Relationship Studies Derive Active Analogs of C11-We next explored the SAR of C11 by synthesizing and testing analogs. Modifications were made to the left and right sides of the C11 molecule, and each analog was tested for its ability to decrease PP242-induced cyclin D1 and c-MYC IRES activity. Additionally, we determined whether the analogs demonstrated synergistic cytotoxic responses when combined with PP242 in LN229 cells. The degree of apoptotic cell death following co-treatment with analog and PP242 was also monitored. These results are summarized in Fig. 3 . In Fig. 3A , showing analogs with modifications to the left of C11, IRES-J007, with a phthalimido group in place of the dichloromaleimide unit, demonstrated the greatest degree of IRES inhibition relative to the parent. The inhibition of IRES activity correlated with an increase in synergistic antitumor response in combination with PP242 (reduction in combination index; CI value) and a marked induction of apoptosis. Within the SAR analogs containing modifications to the right side (Fig. 3B ) and those containing a six-membered ring moiety on the left side (Fig. 3C) of C11, IRES-J008, with a 4-methoxyphenyl substituent in place of the 2,4-dimethoxybenzyl unit and, to a lesser degree, IRES-J009, with an N1-methyluracil unit in place of the dichloromaleimide unit, inhibited cyclin D1 and c-MYC PP242-induced IRES activity. Both of these analogs also demonstrated significant synergistic cytotoxic effects in combination with PP242, with coordinate induction of apoptosis. Additional modifications of the IRES-J007 analog were synthesized (Fig. 3D) ; however, none of these compounds exhibited significantly improved properties compared with C11. We subsequently determined the in vitro cytotoxicities of analogs IRES-J007, IRES-J008, and IRES-J009 relative to C11 in human neurons (data not shown). IRES-J007 displayed the least toxicity to normal neurons, with no significant cytotoxic effects for concentrations up to 10 mM, and was therefore chosen for further study. The reduced toxicity of IRES-J007 versus C11 might possibly be due to the lack of the quite reactive dichloromaleimide unit present in C11, which is absent in IRES-J007.
C11 or Its Analog IRES-J007 Blocks Association of UP1 to
Cyclin D1 or c-MYC IRESs-To begin to investigate the mechanism of action of C11 and its analog IRES-J007, we initially determined whether the UP1 fragment of hnRNP A1 was sufficient to recapitulate C11-or IRES-J007-mediated inhibition of IRES binding to this ITAF. Several GST-tagged deletion mutants of hnRNP A1 were generated and purified as shown in Fig. 4A . The relative association between the mutant proteins and either the cyclin D1 or c-MYC IRESs was determined by filter binding assays in the absence or presence of the inhibitors (Fig. 4B) . C-terminal deletion of the glycine-rich region, encompassing the RGG box and M9 domain did not affect either cyclin D1 or c-MYC IRES binding, and binding was inhibitable by C11. The UP1 fragment (amino acids containing RRM1 and RRM2 and immediately adjacent sequences efficiently bound the IRESs, and either C11 or IRES-J007 blocked association. We also noted that the analog IRES-J007 demonstrated a modest but significant increase in its abil- ity to block UP1/IRES RNA interactions compared with C11. These results were consistent with the relative improvement of the analog to inhibit PP242-induced IRES activity (Fig. 3) . A mutant encompassing the first 102 amino acids and containing only RRM1 of hnRNP A1 did not demonstrate IRES binding. However, mutant 102-196, containing RRM2, did bind both the cyclin D and c-MYC IRESs, and both interactions were sensitive to C11 or IRES-J007. Additionally, a mutant encompassing residues 103-372, containing RRM2, bound both IRES sequences, and binding was reduced in the presence of either of the inhibitors. We then removed only RRM2 (amino acids 130 -158) from hnRNP A1, and this mutant did not bind either of the IRES RNAs. These data suggest that much of the C-terminal half of hnRNP A1 is dispensable and that RRM1 alone is insufficient to mediate efficient IRES binding and inhibition by C11 or IRES-J007. The presence of RRM2 is necessary and appears to cooperate with RRM1 to mediate IRES binding that is sensitive to C11 or IRES-J007. Finally, UP1 is capable of IRES binding that is blocked by either C11 or the analog IRES-J007.
C11 or the Analog IRES-J007 Binds to a Small Pocket Structure within UP1-To further examine how C11 and IRES-J007
inhibit hnRNP A1 function, we used an in silico docking analysis to create a potential model for the binding of these inhibitors to UP1. To generate unbiased predictive virtual docking models, we obtained the crystal structure of monomeric UP1 from the PDB and performed docking studies using AutoDock Vina molecular modeling simulation software (25) . Two potential binding sites were identified; however, the binding models that predicted the highest binding free energy (⌬G) occupied the site shown in Fig. 5A . This binding site was in close proximity to RRM2 and predicted binding to both C11 and IRES-J007 with similar binding free energies. The interaction maps for this binding site revealed that four residues (His-120, Asp-123, Tyr-124, and Asn-171) were predominantly involved in the interaction with C11 or IRES-J007. C11 and IRES-J007 occupied the same pocket with the configurations shown in Fig. 5A , inset, displaying the best binding scores, ⌬G of Ϫ8.09 and Ϫ9.26 kcal/ mol, respectively. To confirm the accuracy of this binding model, we initially generated C11 and IRES-J007 cross-linked affinity beads using a photo-cross-linking procedure (26) . We subsequently tested whether the inhibitor-coupled beads (C11 beads or J007 beads, Fig. 5B ) bound to native or mutant hnRNP A1 proteins harboring alanine substitutions at all four potential residues predicted to participate in the interactions. Recombinant GST-tagged native hnRNP A1 (A1) and mutant A1 proteins (4⌬A1) were purified by glutathione affinity methods. The purity was confirmed by SDS-PAGE followed by silver staining (Fig. 5B, top panels) . The purified proteins were then incubated with control, C11, or J007 beads, and binding was analyzed by immunoblotting using anti-GST antibodies. Native GST-tagged hnRNP A1 bound to either C11 or J007 beads but not to control beads; however, the amount of mutant hnRNP A1 (4⌬A1) that bound either C11 or J007 beads was markedly reduced relative to native hnRNP A1 (Fig. 5B, bottom panel) . These results suggest that C11 and IRES-J007 bind hnRNP A1 through the residues predicted by the interaction model. To further test this notion, we co-transfected either native or the mutant (4⌬A1) hnRNP A1 with the IRES mRNA reporters into cells in which endogenous hnRNP A1 had been silenced by siRNA treatment. The cells were subsequently treated with IRES-J007, and IRES activity was assessed. As shown in Fig. 5C , expression of the mutant (4⌬A1) hnRNP A1 rendered cells insensitive to IRES-J007-mediated inhibition of cyclin D1 or c-MYC IRES activity compared with cells expressing native hnRNP A1. We were also interested in determining whether C11 or the analog IRES-J007 would inhibit basal cyclin D1 or c-MYC IRES activity in 293T cells that express high endogenous levels of hnRNP A1 and show elevated IRES activity (31). 4 As shown in figure 5D , 293T cells transiently transfected with the cyclin D1 and c-MYC IRES mRNA reporters and subsequently treated with either the C11 or IRES-J007 analog demonstrated reduced IRES activity. IRES-J007 inhibited cyclin D1 and c-MYC IRES activity to a greater extent compared with the parent compound C11. RNA pulldown assays in 293T cells also demonstrated an improved ability of the analog IRES-J007 to block cyclin D1 or c-MYC IRES-hnRNP A1 interactions relative to C11 (Fig. 5E) .
In Vivo Effects of IRES-J007 and PP242 Combination Therapy in Xenografts-To determine whether the combination of IRES and mTOR inhibitor co-therapy would be efficacious in vivo, we conducted xenograft studies utilizing LN229 cells in mice. Mice were subcutaneously implanted with tumor cells, and when tumors were palpable and reached ϳ200 mm 3 in size, 4 B. Holmes and J. Gera, unpublished observations. mice were randomized into treatment groups receiving double vehicle, PP242 (50 mg/kg/day), IRES-J007 (20 mg/kg/day), and PP242 (50 mg/kg/day) ϩ IRES-J007 (20 mg/kg/day). As shown in Fig. 6A , xenografts receiving monotherapy with PP242 resulted in significant inhibition of tumor growth rate (36% inhibition at the end of the dosing period; tumor growth delay, 6.0 days). Tumor growth following monotherapy with IRES-J007 did not differ significantly and exhibited similar growth rates as double vehicle controls, consistent with the lack of effects of this inhibitor alone in vitro. However, the combination of PP242 and IRES-J007 was significantly more efficacious than either monotherapies alone (93% inhibition at the end of the dosing period; tumor growth delay, 20.5 days). Consistent with the effects on xenograft growth, overall survival of mice receiving combination IRES and mTOR therapy was significantly extended compared with either of the monotherapies (Fig. 6B) . Notably, mice tolerated this dosing regimen without obvious short-or long-term toxicity or weight loss. The induction of apoptosis was also monitored via TUNEL staining of tumor sections from harvested tumors upon autopsy. As can be seen in Fig. 6C , left panel, significant staining was observed in tumors that received combination therapy, corroborating the increases in apoptotic cell death observed in vitro (Fig. 3) . Marked reductions in cyclin D1 and c-MYC protein levels were also displayed in tumors receiving combination therapy (Fig.  6C , center and right panels).
The Cyclin D1 and c-MYC mRNA Translational State in Response to IRES and mTOR Inhibitors-We have demonstrated previously that cyclin D1 and c-MYC IRES activity nearly exclusively directs mRNA translation of these determinants following mTOR inhibitor exposure (19) . To discern whether alterations in cyclin D1 and c-MYC expression mediated by the inhibitor therapies in xenografted tumors were the result of actual changes in mRNA translational efficiency of these transcripts, we conducted polysome analysis of freshly harvested LN229 tumors following the last day of inhibitor dosing. Polysomes were separated via sucrose density gradient sedimentation and fractionated into heavy polysomal and nonribosomal/monosomal fractions. Spectrophoretic monitoring of fractions at 260 nm was used to identify polysome-and nonribosome-containing fractions and monitor polysome integrity as before (Fig. 1E) . As shown in Fig. 7 , tumors from mice that received double vehicle treatments, cyclin D1 and c-MYC, were present in polysomal fractions at ϳ45% and 50% of total cyclin D1 and c-MYC mRNA, respectively. Mice that received PP242 monotherapy exhibited significantly different cyclin D1 and c-MYC mRNA translational states, reduced to 38 and 35%, respectively. Actin mRNA polysomal distribution was also monitored and, as shown, this mRNA, whose synthesis is mediated via eIF-4E dependent initiation, was markedly redistributed to non-ribosomal/polysomal fractions, demonstrating effective inhibition of cap-dependent initiation. Mice that received IRES-J007 monotherapy displayed a significant reduction in cyclin D1 and c-MYC mRNA translational efficiency, consistent with the results of inhibiting IRES-mediated translation via C11 treatment in vitro (Fig. 1E) . Actin mRNA translational efficiency was unaffected in tumors treated with IRES-J007 monotherapy. However, tumors that received PP242 and IRES-J007 co-therapy displayed a larger reduction in both cyclin D1 and c-MYC translational efficiency compared with IRES-J007 or PP242 monotherapy, with most of these transcripts being redistributed to nonribosomal/monosomal fractions (CCND1, 5% polysomal; c-MYC, 3% polysomal; *, p Ͻ 0.05). These data, taken together, suggest that the IRES-J007 inhibitor effectively inhibits cyclin D1 and c-MYC IRES-mediated protein synthesis in these tumors. Additionally, these data also suggest that the cyclin D1 and c-MYC transcripts are capable of being translated by cap-dependent (PP242-sensitive) and IRES-dependent (IRES-J007-sensitive) mechanisms.
Discussion
Drug target identification and mechanism of action studies have critical roles in drug discovery efforts. In our previous studies, we identified a small-molecule inhibitor of c-MYC IRES-dependent protein synthesis and demonstrated its efficacy in multiple myeloma when combined with inducers of the endoplasmic reticulum stress response (21) . In this report, we have evaluated the action of this inhibitor in GBM and demonstrate significant synergistic anti-GBM activity of this inhibitor in combination with PP242. SAR studies identified an improved IRES inhibitor that also demonstrated a significant synergistic antitumor effect in GBM both in vitro and in vivo. Experiments addressing the mechanism of action of the inhibitors demonstrate that the ITAF, hnRNP A1, is the target and that IRES RNA binding is markedly inhibited. Our studies are most consistent with the hypothesis that these inhibitors likely disrupt hnRNP A1-cyclin D1 or -c-MYC IRES binding by binding a small pocket within close proximity to RRM2, altering the conformation of the ITAF to preclude IRES interaction. The improved ability of the SAR-optimized analog IRES-J007 to FIGURE 5 . Model for potential binding of IRES inhibitors to UP1. A, in silico docking analysis was utilized to predict potential binding sites for C11 and IRES-J007 on UP1. The configurations with the most favorable binding energies were visualized using PyMOL v1.5.6. The electrostatic surface representation of the crystal structure of UP1 is shown (green), with RNP residues of RRM1 and RRM2 labeled in blue. In the 90°-rotated model, the inhibitor interaction pocket is shown in yellow. The inset is a close-up of C11 (magenta) and IRES-J007 (cyan) binding to the potential binding site on UP1. Residues predicted to interact with the inhibitors are labeled. B, purified GST-tagged wild-type hnRNP A1 (A1, asterisk) and mutant A1 (4⌬A1, double asterisk) proteins harboring alanine substitutions at all four potential binding sites (120, 123,124, and 171) were added to non-cross-linked and C11-and J007-cross-linked beads. Isolated wild-type (A1) and mutant (4⌬A1) proteins were resolved by SDS-PAGE and silver-stained to monitor purity (top panels). The binding of A1 to control, C11, and J007 beads was detected by immunoblotting with GST antibodies (bottom panel). Data shown are representative of experiments repeated twice. C, mutant (4⌬A1) A1 overexpression renders cells insensitive to J007-mediated inhibition of IRES activity. Wild-type hnRNP A1 or mutant A1 expression plasmids were cotransfected with cyclin D1 and c-MYC IRES reporters in LN229 cells in which endogenous hnRNP A1 had been silenced via siRNA. Cells were subsequently cultured in the absence or presence of J007, and IRES reporter activity was determined. The mean Ϯ S.D. is shown for three independent experiments. Inset, immunoblot of endogenous hnRNP A1 levels following siRNA treatment in LN229 cells. D, inhibition of basal IRES activity in 293T cells upon treatment with C11 or IRES-J007. IRES reporter activity was assessed following 24-h treatment with 50 nM concentrations of each inhibitor as indicated. The mean Ϯ S.D. is shown for three independent experiments. E, RNA pulldown assays utilizing biotinylated cyclin D1 or c-MYC IRES RNAs of 293T cell extracts treated with inhibitors as in Fig. 1D . Data shown are representative of experiments repeated twice. JULY 1, 2016 • VOLUME 291 • NUMBER 27 block cyclin D1 or c-MYC IRES activity may be due to the ability of IRES-J007s to stabilize a conformation of hnRNP A1 that binds IRES RNA less effectively. This notion is supported by the experiments shown in Fig. 5 , C and D, in which IRES-J007 appears to more efficiently block IRES activity and IRES RNA binding relative to the parent inhibitor. Although hnRNP A1-mediated exon 5 splicing of Max was unaffected by C11, we cannot rule out the possibility that additional properties of hnRNP A1, which may be affected by inhibitor binding, could contribute to its synergistic anti-GBM effects in combination with mTOR inhibition. Because hnRNP A1 is a nuclear-cytoplasmic shuttling protein (32) (33) (34) (35) , these inhibitors may have additional effects on the cellular distribution of hnRNP A1, which contributes to their ability to block IRES activity, although in initial experiments with C11, significant nuclear redistribution was not observed in cells following exposure. 4 Our inhibitor docking studies suggest that IRES-J007 and its parent compound bind to a small pocket within close proximity to RRM2. The residues in this pocket are well conserved between species, and the pocket appears to have a unique surface structure. We attempted to superimpose this pocket structure on other known binding pocket structures to identify structural similarities and were unable to identify similar pockets searching the Multiple-sketches (PoSSuM) and ProBiS databases (data not shown). This suggests that this surface is distinct and that the C11 and IRES-J007 inhibitors may be less likely to exhibit off-target effects.
Co-targeting IRES-and Cap-dependent Translation in GBM
Recent crystallographic studies with UP1 bound to the HIV exon splicing silencer 3 stem loop (SL3 ESS3 ) suggest that UP1 binds this RNA via a short, three-nucleotide loop recognition element (36) . The structure revealed that RRM1 and the inter-RRM linker fold to form a pocket that sequesters the RNA, whereas RRM2 does not interact with the RNA. Mutagenesis experiments of conserved salt bridge interactions located on the opposite side of the RNA binding surface suggest that RRM1 and RRM2 are conformationally coupled. If UP1 interacts with the cyclin D1 or c-MYC IRESs in a similar manner, then it is conceivable that binding of C11 or IRES-J007 near RRM2 may have widespread conformational effects on RRM1 of UP1 as to inhibit binding to the IRES RNAs.
The plant flavonoid quercetin has been demonstrated to inhibit prostate cancer growth and, more recently, to target hnRNP A1 (37) . Quercetin was shown to bind the F peptide region of hnRNP A1, impairing its ability to shuttle between the nucleus and cytoplasm, resulting in cytoplasmic retention. The redistribution of hnRNP A1 correlated with reduced Tnpo1 binding to hnRNP A1 following quercetin treatment, consistent with a defect in shuttling because Tnpo1 is required for hnRNP A1 import into the nucleus (38, 39) . The accumulation of cytoplasmic hnRNP A1 was suggested to inhibit IRES-mediated translation of antiapoptotic mRNAs triggering apoptosis. C11 and IRES-J007 appear to act distinctly from quercetin and inhibit hnRNP A1 binding to cyclin D1 and c-MYC IRES RNAs. However, further structural studies are necessary to provide definitive insight into these interactions.
In summary, we have identified inhibitors of cyclin D1 and c-MYC IRES activity that target the ITAF hnRNP A1. We have demonstrated that these inhibitors act in a synergistic manner when combined with PP242, having broad anti-GBM effects in vitro and in xenograft experiments. Ligand docking analyses predict that C11 and IRES-J007 bind to a unique pocket structure within close proximity to RRM2 and interfere with cyclin D1 and c-MYC IRES binding. Our results demonstrate that hnRNP A1 is a compelling target in GBM and can be co-targeted with mTOR in a synthetically lethal manner to achieve significant therapeutic effects. 
